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The problem of hadronic input in charmless nonleptonic B decays is discussed. QCD sum rules and their
light-cone versions (LCSR) provide an important part of this input, such as the decay constant fB and B → pi
form factor. Employing the LCSR technique, the B → pipi hadronic matrix elements with emission, penguin and
annihilation topologies are calculated, with no evidence for large nonfactorizable effects and/or strong phases.
1. INTRODUCTION
Charmless hadronic B decays proceed due to a
unique interference of electroweak and strong in-
teractions, allowing one to observe CP-violation
effects within and beyond Standard Model (dis-
cussed in the talks by M. Gronau and R. Fleis-
cher). On the experimental side, data on
branching fractions and CP-asymmetries are be-
ing steadily accumulated [1] in many B → h1h2
channels (h1,2 = pi,K, ρ,K
∗ and other light
mesons). Still there are noticeable differences be-
tween BaBar and Belle results. On the theory
side, there is a big challenge of calculating the rel-
evant hadronic input in QCD, which is the main
topic of my talk.
2. THEORY INPUTS IN CHARMLESS
B DECAYS
Integrating out the electroweak and quark-
gluon interactions at short distances and con-
structing the effective weak Hamiltonian, one ar-
rives at a generic expression for the charmless de-
cay amplitude, e.g., for B¯0 → pi+pi−:
A(B¯0 → pi+pi−) = 〈pi+pi−|Heff |B¯0〉
=
GF√
2
∑
T=E,Pc,A,..
∑
i
λici(µ)〈pi+pi−|Oi|B¯0〉Tµ , (1)
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where λi and ci are the CKM factors and Wil-
son coefficients, respectively, and µ ∼ mb is the
renormalization scale for Heff . Each operator
Oi in the effective Hamiltonian generates several
hadronic matrix elements with different topologies
T , that is, the ways of contracting the quark fields
in the initial B meson and final pions. Here, T =
E,Pc, A, .., denotes emission, charming penguin,
annihilation, etc. Similar to Eq.(1), the hadronic
input for each nonleptonic channel B → h1h2 is
encoded in a set of process-dependent matrix ele-
ments 〈h1h2|Oi|B〉T . Their phases interfere with
the CKM phase contained in some of λi’s.
One can in principle avoid a direct calcula-
tion of separate matrix elements and employ
isospin and SU(3)fl symmetries. The combina-
tions of the above hadronic matrix elements form
a smaller set of independent flavour-symmetry
amplitudes. The latter are then fitted from the
measured experimental observables and used to
predict other observables (see e.g., [2] and the talk
by F. Schwab). Amplitude decompositions and
fits, being useful phenomenological tools, pro-
vide very limited information on the details of
the quark-gluon dynamics in hadronic B decays.
To clarify the role of emission, penguin and an-
nihilation topologies and to assess the magni-
tude of SU(3)fl-symmetry violation in charmless
channels, one has to apply calculational methods
based on QCD.
Amplitudes with two hadrons in the final state
are not directly accessible in lattice QCD. To cal-
culate the hadronic matrix elements for B →
1
2h1h2, one employs approximations and effective
theories valid in mb → ∞ (Eh1,h2 ∼ mb/2→ ∞)
limits. The 1/mb (1/Eh) expansion is combined
with the perturbation theory in αs. The QCD
factorization (QCDF) approach [3], the frame-
work of SCET [4], or a combination of both (see
e.g., [5]) are used. In these approaches the in-
put includes heavy-to-light form factors (e.g., the
B → pi form factor at small momentum transfer
f+Bpi(0)), as well as the light-cone distribution am-
plitudes (DA’s) of h1, h2 and the inverse moment
λB of the B-meson DA. For example, in the origi-
nal QCDF analysis of B → Kpi, pipi decays [3] the
following parameters were adopted:
f+Bpi(0) = 0.28± 0.05, λB = 350± 150 MeV , (2)
in agreement with the QCD sum rule predictions
(see the next section). A different approach is
PQCD [6] where the form factors are assumed
to have a perturbative expansion and the meson
wave functions depend on transverse momenta.
Successful phenomenological applications of
QCDF or SCET to B → h1h2 are possible if all
1/mb effects are under control. In fact, in QCDF
the annihilation contribution to B → pipi, as well
as the twist-3 part of the spectator-scattering
(part of the emission topology) contain end-point
singularities. In the “default version” of QCDF
[3] these contributions are parameterized with
complex amplitudes, in other words, by addi-
tional input parameters. The latter are expected
to be reasonably small with respect to the leading
factorizable amplitude. Meanwhile, the current
B → pipi data, in particular, the unexpectedly
large BR(B0 → pi0pi0) and direct CP-asymmetry
in B0 → pi+pi− (observed by Belle), cannot
be reproduced without inflating at least one of
the hadronic matrix elements (together with its
phase) in the decomposition (2). The uncal-
culable O(1/mb) complex amplitudes mentioned
above offer one possibility which, however would
mean a rather poor 1/mb expansion. Another
possibility [5] is that the NLO, O(α2s) spectator-
scattering effects (not suppressed at mb → ∞)
are large. In this case, a better agreement with
the B → pipi data is achieved, if both the form
factor and inverse moment in (2) become numer-
ically close to their lower limits.
A different point of view is adopted in the re-
cent phenomenological analyses based on SCET
[4], where the charming penguin contribution is
allowed to vary (resembling the ansatz suggested
earlier in [7]). The fit to the B → pipi data in the
SCET approach yields a large strong phase for
the penguin amplitude and a form factor smaller
than in (2): f+Bpi(0) = (0.19± 0.01± 0.03)(4.25×
10−3/|Vub|). In addition, according to [8] (see also
the talk by Z. Ligeti), the annihilation contribu-
tion in SCET is finite and real.
Summarizing this brief overview, so far there is
no consensus on the hadronic input in charmless
B decays. The methods based on 1/mb expansion
are not in a position to reproduce all B → pipi
amplitudes in agreement with the current data,
a situation sometimes called the “B → pipi puz-
zle”. Only if some of the hadronic matrix ele-
ments (leading or suppressed in 1/mb) are varied
as free parameters, successful fits to B → pipi and,
eventually also to B → Kpi data are achieved. (A
more detailed analysis can be found, e.g., in [9].)
In what follows, I will focus on a few impor-
tant questions arising from the above discussion:
Are the values of fBpi(0) and λB smaller than
expected earlier? How large are the SU(3)fl vi-
olation effects in the form factors? Is it pos-
sible to calculate the hadronic matrix elements
〈h1h2|Oi|B〉T at finite mb and assess the role of
various quark topologies (emission, penguin, an-
nihilation)? I will address these questions using
the results obtained from QCD sum rules and
LCSR.
3. USE OF QCD SUM RULES AND
LCSR
3.1. The B meson decay constant
The decay constant fB has no direct relation
to charmless B decays, but plays an important
role for the normalization of other hadronic ma-
trix elements, The recent first measurement of
BR(B → τντ ) determining |Vub|fB, makes the
size of this constant an even more topical issue.
The QCD sum rule for f2B is obtained from the
vacuum correlation function of two heavy-light
currents calculated with the local (condensate)
operator-product expansion (OPE) and, primar-
3ily, at a finite b-quark mass. Importantly, it is
also possible to derive the sum rule in HQET
for the “static” constant fˆB ≃ fB√mb. The up-
dated sum rule determination of fB with O(α
2
s)
accuracy can be found in the two independent
analyses [10] and [11], predicting fB = 210 ± 19
MeV, fBs = 244 ± 21 MeV and fB = 206 ± 20
MeV, respectively. To compare, the recent lattice
(nf = 3) result is [12] fB = 216 ± 9 ± 19 ± 7
MeV, fBs = 260 ± 7 ± 26 ± 9 MeV (see also
the talk by V. Lubicz). The first measurement
of BR(B → τντ ) reported by Belle Collaboration
[13] yields |Vub|fB =
(
7.73+1.24+0.66
−1.02−0.58
)×10−4 GeV.
Using the value |Vub| = (4.39±0.19±0.27)×10−3
[1] based on the inclusive b→ u analysis, one ob-
tains fB = 176
+28+20
−23−19 MeV. There is an agree-
ment with the above QCD predictions within the
experimental errors and theoretical uncertainties.
Note, however, that if one uses the central value
of the experimental result and the calculated fB,
a smaller central value for |Vub| is obtained.
3.2. Heavy-to-light Form Factors
The LCSR for the B → pi form factor f+Bpi(q2)
is derived from the vacuum-pion correlation func-
tion expanded near the light-cone in terms of
the pion DA’s. The latter are determined from
the two-point QCD sum rules and/or from the
LCSR for the pion e.m. form factors. For con-
sistency, the value of fB and the quark-hadron
duality threshold sB0 are taken from the sum rule
discussed in the previous subsection. The recent
LCSR result [14]
f+Bpi(0) = 0.258± 0.031 (3)
was obtained with the NLO, O(αs) (in the twist
2,3 parts) and LO (in the suppressed twist-4 part)
accuracy. From this result and the HFAG av-
erage of BR(B → pilνl) at 0 < q2 < 16 GeV2
the value |Vub| = 3.25± (0.17)exp
(
+0.54
−0.36
)
th
×10−3
is extracted [1]. It is tempting to say that this
value is smaller than the “inclusive” one, and
closer to |Vub| obtained from the central value of
BR(B → τντ ) combined with the QCD predic-
tion for fB. However, the errors and uncertainties
are still too large for a definitive comparison. A
value of the B → pi form factor
f+Bpi(0) = 0.26± 0.02± 0.03 , (4)
close to (3) was reproduced from the same LCSR
in [15] (without the small twist-3 O(αs) correc-
tion). Here the uncertainties induced by the
pion DA’s and by other sum rule parameters are
shown, respectively.
The B → pi form factor is accessible on the lat-
tice only at sufficiently large q2. It is possible to
use dispersion bounds to extrapolate the lattice
QCD results to q2 = 0. The two recent analyses
yield f+Bpi(0) = 0.25 ± 0.06 (the version without
the SCET point) [16] and f+Bpi(0) = 0.25 ± 0.04
[17], in a good agreement with the above LCSR
results. The interval of the form factor advocated
by the SCET fits to B → pipi still agrees with both
LCSR and lattice QCD, but only within uncer-
tainties.
Combining the average BR(B → pilνl) =
(1.34 ± 0.08 ± 0.08) × 10−4 [1], the slope pa-
rameter αBpi = 0.61 ± 0.09 fitted from the q2
distribution in B → pilνl by BaBar Collabora-
tion [18], and the new Belle measurement [13]
BR(B → τντ ) = (1.06+0.34+0.18−0.28−0.16)×10−4 with the
interval of QCD predictions fB = 210± 20 MeV,
it is possible to calculate the B → pi form factor
at zero momentum transfer, independent of |Vub|.
One obtains:
f+Bpi(0) = 0.24± 0.01± 0.01± 0.04± 0.02 , (5)
where the first three errors are experimental
(semileptonic width, shape, leptonic width) and
the fourth error is due to the theoretical uncer-
tainty of fB. The central value of this estimate
nicely agrees with the LCSR prediction but the
errors are again too large to exclude a smaller
form factor.
3.3. Inverse moment of B-meson DA
Recently, a new type of LCSR was derived from
the correlation function between the vacuum and
B meson, relating the B → pi form factor at
small momentum transfer to the B-meson DA’s
[19]. A similar approach was suggested in the
framework of SCET in [20]. In the leading or-
der, this sum rule establishes a simple relation
between the combination (mBλBf
+
Bpi(0)/fB) and
the parameters in the pion channel. (Note that
in the above combination the heavy-quark mass
dependence drops out in the mb →∞ limit). Us-
4ing the results for f+Bpi(0) and fB from the sum
rules described in the subsections 3.1 and 3.2, re-
spectively, a new estimate for the inverse moment
λB = 460± 160 MeV was obtained, in agreement
with the HQET sum rule estimates [21] and with
the interval for λB in (2). Note that the product
of the form factor and inverse moment is fixed
by the new sum rule. The latter is therefore vio-
lated if both f+Bpi(0) and λB decrease e.g., up to
their lower limits in (2). A more detailed numer-
ical analysis of this relation including the power
suppressed corrections is currently in progress.
3.4. SU(3)fl violation in B decays
QCD sum rules allow to calculate the differ-
ences between the hadronic matrix elements with
kaons and pions in terms of ms 6= mu,d and the
ratios of the strange- and nonstrange quark con-
densates. In this way, the ratio fK/fpi is repro-
duced and the SU(3)fl-asymmetries in the kaon
DA’s vs pion DA’s are predicted (see, e.g. [22]
and the recent comprehensive analysis in [23]).
After including the calculated SU(3)fl-violation
effects into LCSR, one predicts the ratios of the
form factors with and without strange hadrons.
The results obtained in [24] have been updated in
[22] (after an important change of the first Gegen-
bauer moment in the twist-2 kaon DA) to the fol-
lowing intervals:
f+BK(0)
f+Bpi(0)
= 1.36+0.12
−0.09 ,
f+BsK(0)
f+Bpi(0)
= 1.21+0.14
−0.11 . (6)
The SU(3)fl-violation effects are large, and they
influence the flavour-symmetry relations for non-
leptonic charmless B-decays. The prediction for
BR(Bs → K+K−) obtained in [2] on the basis of
these relations, including the above sum rule pre-
dictions for the form factor ratios, have recently
been confirmed by CDF Collaboration [25].
3.5. Hadronic matrix elements for B → pipi
An extension of LCSR technique [26] allows
to calculate various hadronic matrix elements
〈h1h2|Oi|B〉T and compare them with each other.
An important study case is B¯0 → pi+pi−. One
starts with the correlation function:
F
(Oi)
α (p, q, k) = −
∫
d4x e−i(p−q)x
∫
d4y ei(p−k)y
×〈0|T
{
j
(pi)
α5 (y)Oi(0)j
(B)
5 (x)
}
|pi−(q)〉, (7)
where j
(pi)
α5 = u¯γαγ5d and j
(B)
5 = mbb¯iγ5d are
the quark currents interpolating the pion and the
B meson, respectively. The correlation function
F (Oi) is calculated in QCD at large spacelike ex-
ternal momenta squared (p − k)2, (p − q)2, P 2 =
(p − q − k)2, in a form of OPE with the pion
DA’s, that is, using the same long-distance in-
put, as in the LCSR for the B → pi form factor
(see sect. 3.2). Furthermore, both hard- and soft-
gluon effects are included, contributing to differ-
ent terms of the OPE. The result for the correla-
tion function is then matched to the hadronic dis-
persion relations, subsequently in the pion (j
(pi)
α5 )
and B meson (j
(B)
5 ) channels. The procedure
is formulated in such a way that the final sum
rule relation contains the desired matrix element
〈pi+pi−|Oi|B¯0〉 . The calculation is fulfilled at fi-
nite mb. A further expansion of the sum rule
in 1/mb allows to compare the finite mb results
for the hadronic matrix elements with the corre-
sponding QCDF predictions, and, moreover, to
estimate the uncalculable 1/mb corrections. For
a given operator Oi in the correlation function (7)
various contractions of quark fields are possible.
Collecting the lowest contributions to OPE, one
identifies the diagrams with emission, penguin
and annihilation topologies. If one retains only
diagrams with a topology T in the OPE, the sum
rule result is interpreted as 〈pi+pi−|Oi|B¯0〉T . Note
that an important step in obtaining the LCSR
results for B → pipi hadronic matrix elements is
the analytical continuation from a large space-
like P 2 < 0 (|P 2| ≫ Λ2QCD) to the large timelike
P 2 = m2B. The imaginary part (discontinuity)
in P 2 generated by this continuation is identified
with the strong phase of the hadronic matrix ele-
ment in the (local) quark-hadron duality approx-
imation. This duality assumption introduces an
additional “systematic” uncertainty.
The details of the procedure and calculation for
various topologies can be found in [26,27,15]. In
particular, a finite result for the hadronic matrix
element 〈pi+pi−|Ou1 |B¯0〉A of the current-current
operator Ou1 = (d¯Γµu)(u¯Γ
µb) is obtained, with an
imaginary part which contributes to the strong
5phase. The origin of this annihilation phase at
the diagram level is explained in [15]. In addi-
tion, an important factorizable annihilation con-
tribution from the quark-penguin operator O6 is
found. For the contributions with hard gluons
the method suggested in [26] was modified in
[15], to avoid complicated two-loop multi-scale
diagrams. Instead of performing the QCD cal-
culation of the vacuum-to-pion correlation func-
tion (7), one starts from the pion-pion correlator,
thereby reducing the calculation to one-loop di-
agrams. The input parameters used in the
LCSR for B → pipi hadronic matrix elements are
the same as in the LCSR for f+Bpi. This form
factor determines the factorizable B → pipi am-
plitude, that is, the hadronic matrix element of
the Ou1 in the emission topology:
〈pi+pi−|Ou1 |B¯0〉E ≃ ifpif+Bpi(0)m2B . (8)
The LCSR obtained in [26,27,15] were used
to estimate the hadronic matrix elements
〈pi+pi−|Oi|B¯0〉T of all effective operators Oi (ex-
cept the electroweak penguin operators) with
nonfactorizable emission, penguin and annihila-
tion topologies.
The ratio of the annihilation matrix element to
the factorizable amplitude (8), defined as
r
(pipi)
A =
〈pi+pi−|Ou1 |B¯0〉A
2〈pi+pi−|Ou1 |B¯0〉E
, (9)
as well as the analogous ratios for other topologies
and operators parameterize the nonfactorizable
effects. The numerical results are :
∗ nonfactorizable emission
r
(pipi)
E =
[ (
1.8+0.5
−0.7
)× 10−2
]
soft
+
[(
− 1.9+0.5
−0.1 + i
(−3.6+1.0
−0.4
) )× 10−2
]
hard
, (10)
where the contribution of the hard gluon is a pre-
liminary result (with twist 2 accuracy),
∗ charming penguin:
r
(pipi)
Pc
=
[−0.18+0.06
−0.68 + i
(−0.80+0.17
−0.08
)]×10−2 , (11)
∗ annihilation:
r
(pipi)
A =
[−0.67+0.47
−0.87 + i
(
3.6+0.5
−1.1
)]× 10−3 . (12)
These results are encouraging for the method
because all nonfactorizable effects including their
imaginary parts (contributions to the strong
phase) are found small, so that the light-cone
OPE can be trusted. Moreover, expanding LCSR
in 1/mb, one reproduces the hierarchy of QCDF,
with a possibility to estimate also the 1/mb effects
(e.g. the nonfactorizable soft-gluon contributions
in the emission topology [26]).
At the same time, the results are rather dis-
couraging for the phenomenology, because sum
rules do not reveal any “hidden” large effect in
penguin and/or annihilation topologies, thereby
supporting the default version of QCDF. Adding
up all small effects estimated with LCSR one ob-
tains (for the CKM angle γ = (58.5± 10)o)):
BR(B+ → pi+pi0) = (6.6+1.8+0.8
−1.3−0.8
)×10−6
BR(B0 → pi+pi−) = (9.7+2.3+1.2
−1.9−1.2
)×10−6
BR(B0 → pi0pi0) = (0.25+0.12+0.07
−0.08−0.06
)×10−6 .
The last two predictions significantly differ
from the current experimental averages [1] for
BR(B0 → pi+pi−) and BR(B0 → pi0pi0). For
brevity I do not show the LCSR results for CP
asymmetries presented in [15], where a very small
direct asymmetry for B0 → pi+pi− is predicted.
The comparison with the data based on the
most general isospin expansion of the decay am-
plitudes [15] reveals that the isospin-two ampli-
tude determining the B− → pi−pi0 decay is in
a reasonable agreement with theoretical predic-
tions, (using the B → pi form factor calculated
from LCSR), whereas one needs additional contri-
butions to the isospin-zero amplitude generated
by the ∆I = 1/2 pieces of the effective Hamilto-
nian.
4. CONCLUSIONS
QCD sum rules for fB and LCSR for B → pi
form factor agree with the lattice QCD results,
and hint at a smaller value of |Vub| than the
“inclusive” one, but the uncertainties remain
too large for a decisive comparison. A scenario
with both small f+Bpi(0) and λB is disfavored
by the new sum rule for the product of these
two parameters. LCSR calculations of hadronic
6matrix elements 〈pipi|Oi|B〉T reveal suppressed
nonfactorizable effects with small strong phases
in B → pipi (probably also in B → Kpi, a more de-
tailed analysis including SU(3)fl-violation effects
is in progress). Thus, the origin of an additional
isospin-zero amplitude and related large strong
phase indicated by the B → pipi data 2 cannot be
identified.
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